Cholesterol is an important component of cell plasma membrane. Due to its chemical composition (long rigid hydrophobic chain and a small polar hydroxyl group), it fits most of its structure into the lipid bilayer, where its steroid rings are in close proximity and attracted to the hydrocarbon chains of neighboring lipids. This gives a condensing effect on the packing of lipids in cell membranes creating cholesterol-enriched regions called membrane rafts, which also congregate a lot of specific proteins. Membrane rafts have been shown to work as platforms involved with signaling in diverse cellular processes, such as immune regulation, cell cycle control, membrane trafficking and fusion events. A series of studies in the last two decades have linked many of these functions with the effects of membrane cholesterol content and rafts integrity on actin cytoskeleton organization, as well as its consequences in cellular biomechanics. This was possible by using microscopy techniques before and after manipulation of cholesterol content from cell plasma membrane, using agents that are able to sequester these molecules, such as cyclodextrins. In this review we'll give a personal perspective on these studies and how microscopy techniques were important to unravel the effects of cholesterol on actin and cellular mechanics. We will also discuss how actin and cholesterol contributes to control cell secretion and vesicular trafficking.
Introduction
This year we are celebrating the 200th anniversary since Chevreul coined the term "cholesterine". Cholesterol is an animal sterol, a type of lipid and important component of cellular membranes. Its name derives from the ancient Greek, chole-(bile) and stereos (solid), due to the fact that it was first identified as a solid component of gallstones. Its first isolation in its crystalline form, from gallstones, occurred in 1768 by François Poulletier de la Salle. However it was only in August 1816 that Michel Eugéne Chevreul, a french chemist, identified and purified this crystalline substance from biliary calculi and named it as cholesterine [26] . Cholesterol is a hydrocarbon compound containing 27 carbon and 46 hydrogen atoms, plus 1 oxygen atom. It contains four hydrocarbon steroid rings in between the hydroxyl group and the hydrocarbon chain (Fig. 1) . Most of its structure, due to its hydrocarbon composition, is hydrophobic. However, the presence of the hydroxyl group makes this molecule also partly hydrophilic giving it an amphiphilic property, characteristic of the lipid components of cellular membranes. The purpose of this review is to give an overview and a little bit of history of what is known today
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Membrane rafts, due to its protein and lipid composition, compartmentalize a lot of important cell functions [92] . They have been shown to work as platforms involved with signaling in diverse cellular processes, such as immune regulation, cytoskeleton reorganization, cell cycle control, as well as membrane trafficking and fusion events, among others [27, 70, 95, 105, 109] . The association or dissociation of proteins and receptors with rafts could regulate many of these functions. Rafts might then be seen as platforms that concentrate receptors in a new microenvironment, whose functions are protected from non-raft enzymes, as is the case for phosphatases that could affect signaling processes [93] .
Cyclodextrins as a tool to study membrane rafts
One way to indirectly study cholesterol enriched membrane microdomains is to sequester cholesterol from cell membranes using cyclodextrins. Cyclodextrins are ring like structures made of six to eight glucopyranose units, bound via -1,4-glycosidic linkages [62] . The advantage of this kind of molecules is that they have mainly a hydrophobic interior, while its exterior is hydrophilic, giving it the ability to carry and "solubilize" hydrophobic molecules in an aqueous environment [84] . Cyclodextrins have been widely used as drug carriers. Their affinity to different hydrophobic molecules is defined by the size of their rings. Cyclodextrins are divided into three different compounds, differing on the number of glucopyranose units forming the ring: the alpha -α (containing 6 glucopyranose units), beta -β (containing 7 glucopyranose units) and gamma -γ (containing 8 glucopyranose units) [80] (Fig. 2A) . Since it is a ring structure, it can fit molecules in its interior. Affinity for the ring interior will depend not only on its hydrophobicity, but also its size (Fig. 2B) . The β-cyclodextrins are the ones that are usually used as carriers and are also the ones that have the highest affinity to cholesterol [80] , especially the methyl modified β-cyclodextrin [58, 110] . Since plasma membrane is usually enriched in cholesterol [65] and cyclodextrins have low permeability through cellular membranes, most of the cholesterol sequestered by this drug comes from cell plasma membrane [31] . Additionally, it has been shown that cholesterol sequestration by MβCD occurs biexponentially, which indicates the existence of two kinetic pools of cholesterol efflux, a fast and a slow pool [110] . Therefore it has been stated that most likely these two independent kinetic pools come from sequestration of cholesterol-enriched domains, rafts (fast pool), and the rest of membrane cholesterol (slow pool). Therefore use of MβCD can be a valuable tool to study cell processes related to membrane rafts.
Cholesterol and actin cytoskeleton organization: Imaging cells using confocal microscopy
Altering the levels of cholesterol in cellular membranes will interfere with rafts organization. Decrease in membrane cholesterol content, for example, leads to rafts disruption and consequently alters, directly or indirectly, the cellular processes linked to these regions, such as signaling, membrane trafficking and cytoskeleton organization. Cytoskeleton organization, in particular, seems to play an important role in rafts cellular functions. It has long been shown that membrane rafts are not only enriched in signal transduction molecules, but also actin and actin binding proteins [47, 75] . Additionally, it was demonstrated that changes in cytoskeleton organization upon rafts disruption also alters signaling processes linked to this platform [54, 73] .
One simple way to show cytoskeleton organization is to image these structures using fluorescence microscopy, especially Confocal Laser Scanning Microscopy (CLSM or just Confocal Microscopy -CM). Advantage of confocal microscopy over regular epifluorescence microscopy is the fact that it collects images into specific focal plans (optical sections), without the interference of out of focus light, by scanning a sample point by point and assembling each pixel information to form an image. It therefore allows three-dimensional reconstructions of high quality images. Imaging actin filaments (f-actin) organization was made quite easy using this kind of technique with the aid of fluorophore-conjugated phalloidin. Phalloidin is a toxin isolated from the death cap mushroom (Amanita phalloides), which was found to selectively bind and stabilize f-actin [67] . It does so by binding f-actin in between subunits, holding them together, [9] (Fig. 3A) . Since fluorescent conjugated phalloidin still retain their ability to bind f-actin, it became a very important tool to study organization of these filaments in cells [108] .
The association of actin with membrane regions enriched in cholesterol was known for a long time [47, 48, 75, 111] . However, one of the first demonstrations that rafts disruption by cholesterol sequestration could have an effect in actin organization came from a work from Kwik and co workers in 2003 [63] . They showed that the role of rafts in controlling cell actin cytoskeleton organization was linked to the association of cholesterol enriched domains with phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] and its role in actin polymerization [23, 112] . Kwik and co-workers showed that disruption of membrane rafts in fibroblast by cholesterol sequestration led to the dispersion of [PI(4,5)P2] and consequently the induction of actin polymerization foci [63] . Imaging Rhodamine-Pahlloidin labeled f-actin in control and MβCD treated cells using CM, they observed that cholesterol sequestration from cell plasma membrane led to a decrease in the number of stress fibers, especially thinner stress fibers in cells cytoplasm. They have also observed small punctate phalloidin staining in MβCD treated cells, indicating the increase in actin polymerization sites. The increase in actin polymerization was corroborated by CM images showing less gelsolin staining in cholesterol-depleted cells. Later, Klausen and colleagues, studying the effects of cholesterol depletion in Ehrlich-Lettre ascites (ELA) cells, also showed that cholesterol depletion interfered with actin organization [59] . However, in this work it was shown that cholesterol sequestration led to an increase in cortical actin cytoskeleton with a significant augment in stress fibers leading to alterations in volume-regulated anion current in these cells. They also showed that change in actin cytoskeleton organization occurred not due to alterations in [PI(4,5)P2], but due to activation of Rho, a known regulator of actin polymerization. Subsequent work from Qi and co-workers, studying an osteoblast cell lineage (MC3T3), showed that cholesterol regulation of actin cytoskeleton involves not only Rho, but also ROCK (Rho Kinase), Src kinase and Cav-1 (caveolin-1) [87] . They not only observed extreme re-organization of the actin cytoskeleton with an increase in stress fiber formation, but they were able to show that these effects of cholesterol were due to the activation of two pathways linked to src activation: RhoA and ROCK activation, as well as Cav-1 phosphorlation. Later, our group also showed that cholesterol sequestration induced stress fiber formation in neonatal murine primary cardiomyocytes (CM) [50] . Figure 3B shows some representative images of fibroblasts treated or not with MβCD and the effects of the treatment on actin cytoskeleton organization. In this study we were able to demonstrate that for these cells, as well as for ELA and MC3T3, stress fiber formation was due to RhoA activation. Additionally, and most important, in a follow up work we were able to show that cholesterol sequestration was able to not only reorganize pre-formed f-actin, inducing the formation of stress fibers, but also to induce de novo polymerization of actin [51] . These experiments were performed by treating cells with latrunculin, a potent drug able to sequester actin monomers leading to complete actin filaments destabilization, previous to treatment with MβCD.
A lot of other work corroborated these data showing that cholesterol depletion from cell plasma membrane leads to actin polymerization and reorganization. Most importantly, many of these works showed that changes in the actin cytoskeleton induced cell stiffness and changes in biomechanical properties of cells [27, 29, 51, 56, 78, 97] .
Although all these works were performed using a drug, MβCD, which could be considered nonphysiological, the results could certainly reflect many pathological situations where plasma membrane cholesterol content is affected, such as in many lipid disorders. Mouse models of hypercholesterolemy, with high levels of LDL (Low density Lipoprotein), one of the major causes of atherosclerosis in humans, seems to cause the same differences in the levels of cholesterol induced by MβCD treatment [37, 87] . In fact, oxLDL was shown to be capable of sequestering cholesterol from cell plasma membrane [14, 61] . Then a series of studies were published showing that cell exposure, specifically endothelial cells, to the oxidized form of LDL (oxLDL) particles also led to reorganization of the actin cytoskeleton. LDL particles are complex structures formed of different lipids and the proteins ApoB [49] . Oxidation of these particles leads to changes such as loss of antioxidant molecules, formation of shiff's base in aldehydes from ApoB protein and production of oxysterols, peroxides and others. OxLDL, according to Parthasarathy et al. (2010) , can be defined as: a particle derived from circulating LDL that may have peroxides or their degradation products generated within the LDL molecule or elsewhere in the body associated with the particle [81] . The excess LDL in the blood results in its accumulation in the intima of arteries leading to its oxidation. This excess of oxLDL has been implicated in a series of process that leads to atherosclerosis, such as macrophage recruitment/activation and endothelial cell dysfunction. While much is known about the effects of oxLDL in macrophages little is known about their effect on endothelial cells and how it leads to its dysfunction, thus the interest in understanding the effects of oxLDL on actin organization in these cells. In parallel to some of the studies performed with MβCD it was demonstrated that cell exposure to oxLDL, as well, leads to cortical cytoskeleton reorganization, changing the mechanical properties of these cells [21, 28, 60, 68] .
The study of cellular biomechanics in cholesterol depleted cells
As mentioned, the increase in actin stabilization at cell periphery and stress fiber formation leads to changes in cellular biomechanics. Cell actin organization, and consequently cell mechanics, is recognized to be a major player in various cell responses to internal and external environment [33, 43, 45, 66, 106] , therefore the interest in studying the effects of plasma membrane cholesterol levels and rafts organization in cellular mechanics. A pioneer work in this field was published by Byfield and co-workers, working with aortic endothelial cells, where they showed that plasma membrane cholesterol content do relate with levels of membrane stiffness [20] . After this, a lot of other papers were published. Most of them used microscopy techniques to study the biomechanical effects of cholesterol depletion induction of stress fiber formation. Below I will give a brief description of some of these techniques and the results obtained with them.
Use of atomic force mycroscopy
Atomic Force Microscopy (AFM) is based on a scanning probe microscopy, which is designed to measure local properties such as height and friction with the use of a probe. AFM was first described in 1986, by Binnig and colleagues [12] , and is the result of the combination of two types of microscopy, Scanning Tunneling Microscopy [13] and Stylus Profilometer [44] . By combining these two techniques, it is possible to resolve surface and force at the atomic level. AFMs work by measuring the force between a probe (a sharp tip) and a sample. The tip scans through an object to obtain information of its surface. The force on the tip is kept small and constant. It also has a feedback mechanism to be able to trace over individual atoms without damaging the sample. Probes used in AFM are pyramidal in shape and
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usually have less than 10 nm in radius [42] . The tip is attached to a spring in the form of a cantilever and the attractive and repulsive forces between the tip and the sample are measured by the deflections of the cantilever [42, 46] . This force on the tip can also be used to form a tridimensional image of the surface of the sample. The deflection of the cantilever is measured using a laser, which is reflected from the cantilever and detected by a quadrant photodiode [42] . Because it can image non conducting substances it was possible to use this kind of technique in biological samples. Since its development until now, much has improved in this type of microscopy for biological uses. Newest generations of AFM, destined to biological studies, are now combined with other microscopy platforms, such as epifluorescence, to perform live cell imaging and improve data analysis. AFM is then able to provide, with high resolution, cell topography at the nanometer level, as well as to measure physical properties, such as viscoelasticity, stiffness and adhesion, which also provides information about cell cytoskeleton organization and cell organelles. [42] . To measure mechanical properties using AFM, a force is applied to the tip onto the sample and then the deformability caused by this force is evaluated. For this, vertical displacement of the cantilever, as well as its deflection, is measured and then converted to force-versus-displacement curves, or just force curves [42] . Tips for optimal conditions in measuring cellular mechanics can de found in a recent publication from Gavara (2016) [42] .
Byfield and co-workers had previously demonstrated that cholesterol sequestration leads to increased membrane cell stiffness by measuring the length of membrane deformation aspirated into a glass micropipette [20] . Although likely, due to technical limitations, this study could not prove that these effects were in fact a consequence of actin rearrangements near cell plasma membrane. Later, Sun and co-workers tested this hypothesis by using AFM to study membrane cytoskeleton adhesion in cells subjected to cholesterol sequestration from cell plasma membrane and their effects on cellular biomechanics [97] . Through this technique he and colleagues assessed the biophysical properties in control, non-treated, bovine aortic endothelial cells (BAECs), as well as BAECs after treatment with MβCD for 30 minutes. AFM was performed using tether-pulling experiments to mimic the collision of leukocytes with endothelial cells during blood flow, which may result in tether formation. They measured the force to pull a tether from the membrane at a constant velocity and analyzed the dependence of force on this velocity [17, 53] . They then evaluated surface viscosity, which associates with not only the lipid bilayer, but also the underlying cytoskeleton [53] . Their results have shown that cholesterol sequestration does increase tether-pulling forces and leads to increased cell stiffness. They have also tested BAECs that have been exposed to MβCD-cholesterol complexes in order to donate and enrich their membrane with cholesterol. The results obtained with these cells were the opposite of that obtained with cells presenting reduced cholesterol content. These data not only confirmed the role of cholesterol in cytoskeleton organization, but also its influence in cell biomechanical properties. Later, Chouinard and co-workers using AFM imaging and force measurements showed that treatment of endothelial cells with oxLDL also led to increase in cell stiffness [28] . They performed the experiments in the course of 24 hours and analyzed the elastic parameters of cells after 30 and 120 minutes or 6, 12 and 24 h. AFM force measurements showed an increase in cell stiffness after 24 h treatment with oxDL, but not LDL. These results were in agreement with previous results obtained by Byfield et al. (2007) , which evaluated cell membrane deformation using micropipette aspiration [21] .
Use of optical tweezers
Optical tweezers (OT) is a technique in which a high focused laser beam is used to provide an attractive or repulsive force to physically hold and move microscopic dielectric objects similar to tweezers. Ashkin S108
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and colleagues in 1986 provided the first experimental demonstration of the use of single-beam gradient force radiation pressure to trap particles [5] . By using a strongly focused beam the axial gradient force was so large that it dominated the axial stability allowing to efficiently trap particles. Using this technique they were able to trap dielectric particles in the size range from 10 μm down to 25 nm. In 1987, Askin and Dziedzic demonstrated its first application in biology, by trapping viruses and bacteria in aqueous solution [7] . Later, after modification of the laser beams to infrared ones, they were able to use it to trap single cells and to pull tethers from cell membranes [7] . It was also used in biology to trap and measure forces of single motor molecules and mechano-enzymes [6, 15, 98] . But it wasn't until 1995 that OT was used to study the first mechanical parameters in cells by pulling membrane tethers with the use of beads trapped by OT [32] . Studying the growth cone membranes of neuronal cells they were able to measure the force involved to pull a membrane tether and therefore determine mechanical parameters involved in this process. For this they used a system to track the position of the bead during the tether formation to calculate the force to pull the tether. Also, by calculating the tether radius they were also able to measure membrane viscosity [32] .
One of the first uses of optical tweezers to address alterations in mechanical properties of cells, due to changes in cholesterol levels at the plasma membrane, was made by Kwik and co-workers in 2003 [63] . They demonstrated that decrease in cholesterol levels at the plasma membrane, besides altering actin cytoskeleton organization, also decreased protein lateral mobility. They used gold beads labeled HLA molecules to allow them to be trapped by the laser tweezers and then to be moved along the plane of the cell membrane and placed about 1 μm from the original location. While in non-treated cells HLA molecules remained for a while in the place where it had been moved to, in MβCD treated cells, the HLA molecules returned right back to its first location, indicating they were anchored to cell cytoskeleton. This hypothesis was corroborated by the work performed by Sun and colleagues, using FRAP (Fuorescence recovery after Photobleaching) showing that the effect of cholesterol sequestarion on protein mobility could be abrogated by further treatment with latrunculin, a drug capable of disrupting actin filaments, indicating that membrane cell stiffness was also responsible for the effects on protein diffusibility along the membrane [97] . Later, Khatibzadeh et al. (2012) used the optical tweezers to pull a tether from plasma membranes of control, MβCD or MβCD-cholesterol treated cells. It did so by optically trapping 4 μm fluorescent polystyrene beads and using them to attach and pull tethers from cell membranes [56] . Optically measuring the displacement of the bead in relation to the trapping center they were able to calculate the force used to pull the tether. In MβCD treated cells tether pulling forces were more than twice the force necessary to pull a tether from control cells [56] . On the other hand, cells treated with MβCD-cholesterol, in order to enrich cell membranes with cholesterol, led to a decrease in this tether pulling force. These results indicated that interaction of the actin cortical cytoskeleton was stronger with membranes containing lower amount of cholesterol. A follow up work from the same group, now also using cells treated with latrunculin, confirmed previous results showing that cholesterol disruption alters membrane interaction with the actin cytoskeleton leading to increased cell stiffness [57] . These results also confirmed that both plasma membrane and cytoskeleton contribute to the viscoelastic behavior observed for the membrane tethers. Additionally and most important, they showed that the effects of plasma membrane itself in mechanical properties of cells are relatively minor in comparison with the effects of the cytoskeleton. On the other hand, changes in plasma membrane content, as in the case of cholesterol, might induce changes in the cytoskeleton and therefore indirectly contribute to cellular mechanical properties [57] . These results were corroborated by a work from our group, showing that the levels of the plasma membrane cholesterol content influence cell rigidity [51] . Using optical tweezers to pull membrane tethers we were also able to demonstrate that membrane cholesterol sequestration via MβCD treatment leads to increase in tether pulling forces compared to non-treated cells. By measuring the tethers radii using Scanning Electron Microscopy we were also able to measure surface tension and bending modulus and both were increased in cells with decreased cholesterol content [51] . In this work we suggested that this increase in cell rigidity and surface tension might be linked to the fact that, before cholesterol sequestration, actin-binding proteins are clustered within membrane rafts at specific locations in the membrane. Upon cholesterol removal and membrane rafts disruption, actin-binding proteins also disperse along the plasma membrane forming more connections between membrane and cytoskeleton at the entire cellular surface. Protein dispersion and redistribution after membrane cholesterol content is decreased has been previously reported supporting this hypothesis [70, 102] .
Use of defocusing microscopy
Agero and colleagues first described the use of Defocusing microscopy to measure alterations and curvatures in membrane surfaces of cells in 2003, while working at the laboratory of Dr. Osacr Nassif Mesquita at Federal University of Minas Gerais (UFMG -Brazil). Defocusing Microscopy consists of introducing defocalization of a phase-transparent object (like adhered cells) in an optical microscope in order to be able to visualize it [1] . In this situation any irregularities seen in its surface can be detected through the image contrast observed. Defocusing had been used earlier with laser light to image the spatial and temporal fluctuations of optical microstructures of seawater. In this study by Agero et al. (2003) they used the defocusing theory to image surface curvature fluctuations of resting macrophages and during single phagocytosis events. They demonstrated in their study that the image contrast was proportional to the two-dimensional of the Laplacian of the phase difference introduced by the phase object. Therefore all the information obtained from the contrast was directly related to the information of membrane curvature. Membrane curvature in turn is a consequence of actin cortical cytoskeleton reorganization and could be used to determine these alterations. In these experiments they imaged macrophages for 2 hours and determined the spatial and temporal contrast correlations, which gave the relaxation time. Temporal correlation was obtained from the contrast of every pixel in different times, averaged over several pixels of a chosen region and the spatial correlation was obtained from the simultaneous value of the contrast in different pixels, where the average is done over many video frames. Later they used this parameters collected via DM to measure mechanical properties of the cell, such as the relaxation time and amplitude of membrane fluctuations [2, 30] .
Our group, in collaboration with the group of Dr. Mesquita and Dr. Agero, was able to apply DM to measure the biomechanical properties of fibroblasts treated or not with MβCD. The advantage of using this method was the fact that we could temporarily follow the changes in cell membrane surfaces and biochemical properties of the cells along the cholesterol sequestering process. In these experiments cells were imaged 10 minutes before the addition of the drug and were followed for as long as forty-five minutes after [51] . The data was fitted using a temporal autocorrelation function, as described earlier [1, 30] and the relaxation time and amplitude of curvature were determined. We observed that the relaxation time significantly increased upon cholesterol sequestration, especially between 10-30 minutes after drug administration. However we also observed that relaxation time returned to lower levels in the last 5 minutes of the experiment. We also evaluated the amplitude of membrane curvatures and showed that membrane fluctuations, as expected, were less intense in membranes with a lower content of cholesterol. These data corroborated all the other data from the literature and from our group, showing that cholesterol sequestration leads to cell stiffness. These experiments also allowed us to show that the effects of cholesterol sequestration from cell plasma membrane in cellular mechanical properties occur very fast, S110 L. de Oliveira Andrade / The power of imaging after the first 10 minutes of MβCD addition and peaks between 20 and 30 minutes after addition of the drug.
Effects of membrane cholesterol on cell secretion
It has been demonstrated that SNARE proteins, a large group of small membrane proteins essential for vesicle fusion events, are associated with rafts [64, 70, 79] . SNAREs are divided into two groups: the v-SNAREs, localized at the vesicles (vesicle-associated membrane protein -VAMP/synaptobrevin family), and the t-SNAREs, localized at the target membranes (syntaxin family and SNAP-23 family). During vesicle fusion to the target membrane, one v-SNARE associates with two t-SNAREs to form a ternary complex responsible for bringing the two membranes closely together allowing them to fuse [25] . Therefore it is imperative that the two t-SNARES are clustered together at the moment of vesicle fusion in order to form the ternary complex. Many groups have shown not only the presence of one or more SNAREs inside rafts, but also that the presence or reallocation of these proteins in or outside rafts may interfere with vesicle fusion events and consequently exocytosis, especially in regulated cell secretion [24, 64, 79, 102] . In some cases, the clustering of SANREs into rafts seem to facilitate vesicle fusion and exocytosis, as it is the case for mast cells [86] . Mast cell activation, via IgE binding to its receptors, leads to rearrangement of SNARE proteins into rafts regions. This seems, at least in part, to account for regulated secretion of mast granules [86] . The same was observed for sperm capacitation, a process involved with preparation for acrosome fusion during egg fertilization [16, 41] . During capacitation, SNARE proteins are recruited and clustered into rafts allowing the fusion of acrosomes with the apical region of sperm head membranes. Therefore, since rafts disruption will lead to protein dispersion, it could also compromise these membrane fusion events. In fact, this was the case for secretion of β-pancreatic cells and neuroendocrine cells. Cholesterol sequestration led to inhibition of cell secretion [24, 64] . However, it was also observed that cholesterol depletion from axons of crayfish neuromuscular junctions, despite inhibiting evoked synaptic transmission, led to an increase in spontaneous quanta transmitter release [114] . These results suggested that cholesterol sequestration and consequent rafts disruption could also lead to unregulated secretion events. This hypothesis was corroborated by the fact that synaptic vesicle fusion during induced exocytosis is an event regulated and dependent on calcium, while these spontaneous events were not [114] .
As previously mentioned in the beginning of this review I was very much interested in understanding the mechanisms underlying the cholesterol influence on T. cruzi-host cell invasion. Two independent works had shown that parasite invasion is compromised when host cell membrane cholesterol was sequestered using MβCD [10, 38] . However no mechanism for this phenotype was presented. It was recently shown that T. cruzi subverts the plasma membrane repair mechanism from eukaryotic cells to gain entry into the host cell cytoplasm [39, 40, 99] . When this parasite interacts with host cells it can either induce intracellular calcium signaling events through host cell surface receptor activation [19, 36, 101, 107] or small microinjuries induced by parasite friction at the host cell surface [39] . Both events lead to calcium increase due to its release from intracellular stocks or through its influx from the extracellular milieu [100, 101] . The high levels of free cytoplasmic calcium binds to Synatotagmin VII (SytVII), a calcium sensor present in lysosomes, which then helps the SNAREs ternary complex formation that will culminate with the fusion of lysosomes with plasma membrane [22, 89, 90] . Lysosome exocytosis is then followed by compensatory endocytosis, such as occurs in plasma membrane repair, and the latter drives parasite into the cell [39] . Lysosome fusion was also shown to be imperative for entry and maintenance of the parasites inside host cells [3] . We first thought that cholesterol sequestration, and consequently rafts disruption, was compromising lysosome fusion with host cell plasma membrane, such as previously reported for other secretory vesicles, and thus decreasing parasite invasion. However we identified that membrane cholesterol disruption was, on the contrary, inducing lysosome fusion events [50] . The lysosomal exocytic events triggered by cholesterol sequestration were independent of calcium or the lysosomal calcium sensor, Syt-VII, indicating they were unregulated events, such as the ones observed by Zamir and collegaues in cholesterol depleted axons from crayfish neuromuscular junctions [114] . Another interesting aspect was that it occurred specifically from a pool of lysosomes localized closer to the cell plasma membrane, which we later identified as a pool recruited during parasite-host cell invasion [50, 52] .
At this point one question still remained. What was driving lysosomal exocytosis in the absence of calcium? It was possible that reallocation of SNAREs would allow them to randomly cluster and possibly trigger this events. However, since the secretion occurred independently of calcium, something else would still have to help triggering the fusion. Although cortical actin was always seen as barrier for cell secretion, later was shown that it could also help in this process [8, 72, 74, 82] . In 2001, Pedleton and co-workers showed that complete abrogation of actin cytoskeleton using latrunculin inhibited mast cell secretion, indicating that actin filaments had a positive role in cell secretion [82] . In β-cells from pancreas it was shown that actin coats secretory vesicles after fusion, working in the regulation of post fusion events [76, 103] . It was proposed that the coating of secretory vesicles with actin is able to stabilize vesicle-target membrane fusion aiding in this process. A lot of other subsequent studies showed that actin and myosin participated in these post fusion events, controlling the time of pore openness [4, 11, 35] . Also, Masedunskas and co-workers showed that, for large secretory vesicles from β-adrenergic cells, actin and Myosin participate not only in post fusion events but also in the actual fusion process [71] . In this work the authors used intravital microscopy to show that actin associated with myosin II participate in the fusion process by promoting the full fusion of vesicles [71] . In the same year, Nightingale showed that actin participated in different processes during the secretion of Weibel-Palade bodies (WPBs), regulated secretory organelles of endothelial cells [77] . First it was responsible for anchoring WPBs to control their premature fusion and secretion. After cell stimulation, dynamic actin filaments together with myosin were seen at the bottom and around WPBs, concomitantly with granule secretion. This indicated that actin would exert a force at the granule to help the release of its content [77] . In the light of these works, it seemed plausible that lysosomes exocytosis, induced upon cholesterol sequestration from plasma membrane, could be also triggered by cell cytoskeleton reorganization. In our work we showed that cholesterol sequestration from plasma membrane led to the exocytosis of a specific pool of lysosomes localized at the cell cortex, as seen by lysosomal cell distribution before and after treatment (lysosomal dispersion assay) [50] . This could represent docked lysosomes in which actin dynamics, induced by cholesterol sequestration, could be working to push these organelles into closer contact with plasma membrane activating the exocytic machinery (Fig. 4) . Later work from our group corroborated this hypothesis [51] . First, we showed that cholesterol sequestration induces actin rearrangements, through Rho A activation, which could be contributing to form the dynamic actin filaments that were previously shown to form the rings responsible to push and help vesicle secretion [77] . Second, although treatment with latrunculin-A also led to lysosome secretion, it preferentially induced the secretion of a more internal pool. This could be explained by the fact that actin, as previously shown, can work as a barrier controlling the premature fusion of internal vesicles [8, 74] . Without this barrier, Fig. 4 . Model of exocytosis triggered by cholesterol sequestration from plasma membrane. (A) Plasma membrane containing cholesterol and presence formation of the membrane rafts microdomains. In these domains, actin-binding proteins hold actin filaments in specific locations. Peripheral lysosomes are docked to these actin filaments. (B) Plasma membrane after cholesterol sequestration. Actin-binding proteins reallocate along the membrane due to the disruption of the membrane rafts. Actin filaments also increase in size due to actin polymerization induced by cholesterol sequestration. In this scenario, reorganized actin filaments push peripheral lysosomes closer to the cell plasma membrane secretion occurs. the internal pool of lysosomes, which could represent a different pool from the ones usually docked at the cell cortex, are free to get to the cell plasma membrane and fuse. Corroborating this idea, treatment of cells with latruculin-A followed by treatment with MβCD leads to higher levels of lysosomal secreted enzymes, when compared to either treatment separately [51] . Additionally, lysosomal dispersion assays of cells, treated with MβCD alone or with latrunculin-A followed by MβCD treatment, show different patterns. While in the MβCD treated cells we observed only the loss of peripheral lysosomes, for the ones treated with latrunculin-A + MβCD we observed also a significant loss of more internal lysosomes as well [51] . These data brings new insight in the role of actin in lysosomal secretion, indicating that it not only participates in lysosome secretion, but also may help subdivide pools involved with different processes in the cell. This may also be the case for other secretory vesicles and further work need to be done to unravel this role of actin in this and other secretory pathways.
Concluding remarks
Cholesterol has long been discovered, but its influence in cell membranes and cellular functions are just now being revealed. With the aid of new and more powerful microscopy techniques it was possible to determine its role in actin cytoskeleton organization and cellular mechanics, as well as the consequences of these processes in other cellular functions, such as cell secretion. This has many implications in regulation of different tissue functions. In particular, regulation of lysosome secretion by cholesterol, rafts and actin, may influence the knowledge we have about plasma membrane repair and help understand a lot of diseases related to this organelle. As briefly shown above, cellular processes are all connected and by pulling one string many others might be disturbed. As for cholesterol, many of the roles previously accounted directly to cholesterol and membrane rafts are in fact coordinated by a cascade of other events connected by its interaction and regulation of cell cytoskeleton. Being able to interpret and manipulate this system will certainly contribute to control a lot of cellular functions, especially in pathological conditions.
